Previously, it was clarified that myofibril gelation was enhanced by the basic protein glyceraldehyde 3-phosphate dehydrogenase (GPD). In this study, the mechanism of the gel-enhancing action of GPD to myosin B was evaluated through the study of the surface properties of GPD. GPD and myosin B were prepared from pork loin. Succinylated GPD (S-GPD) was successfully prepared without any loss of solubility at a weight ratio (succinic anhydrate to GPD) of 1.0. Though gelation of myosin B alone required a minimum protein concentration of 4.0% (w/v), the addition of GPD enhanced the gelation of myosin B at a concentration of 3.5% (w/v). Furthermore, GPD increased the gel strength drastically at concentrations above 4.5% (w/v). On the other hand, the addition of S-GPD did not improve the gelling property of myosin B. SDS-PAGE showed molecular interaction between GPD and myosin B, but not between S-GPD and myosin B. However, in the case of GPD, the GPD band became insoluble under coexistence of GPD with myosin B. Meanwhile, the myosin heavy chain was partially soluble. Furthermore, actin and GPD bands became thicker in the insoluble fraction after mixing of G-actin and GPD. These results indicate that positive charges on the surface of GPD are necessary to enhance the gelation of myosin B.
Introduction
Various additives are used to improve the texture of meat products. For example, non-meat proteins and polysaccharides are added to increase the water-holding capacity (WHC), while polyphosphates (PPs), in particular, have been widely used in meat processing. There is a marked increase in the WHC of meat products with added PP in the presence of low concentrations of NaCl (1.0-1.5%) (Puolanne and Ruusuen, 1983) . Furthermore, PPs improve the emulsion stability of reduced salt meat batters (Barbut, 1988) . The gel-enhancing action of PPs to actomyosin modifies texture by solubilizing myosin through the cleavage of actomyosin bonds by phosphate, thus facilitating the swelling of the filament lattice (Offer and Knight, 1988) .
Up until the latter half of the 1990s, sarcoplasmic protein (SP), a water-soluble muscle protein, was believed to contribute very little to the texture of meat products (Samejima et al., 1969; Asghar et al., 1985; Ziegler and Foegeding, 1990) . However, recently, a number of reports have shown improved texture of meat products by the addition of SP. Wilson and Van Laack (1999) showed that treatment with SP resulted in the swelling of myofibrils. Farouk et al. (2002) reported on the physical properties of sausage beef batter; removal of SP reduced physical properties such as shear stress, cooking loss and emulsion stability. These results suggest that SP is important to the texture of meat products.
We previously carried out a series of studies on the physicochemical properties of SP. In an emulsion system, porcine SP showed a PP-like action, with excellent fat-binding properties and thermal emulsion stability without salt (Miyaguchi et al., 2000) . Subsequently, we reported that SP provided excellent gel-enhancing properties at lower ion strengths for a water-washed meat (WWM) emulsion gel (Miyaguchi et al., 2004) . Using chicken meat, the addition of the soluble fraction also increased the gel-strength of WWM (Miyaguchi, et al., 2005) . Some proteins in SP could be separated by ammonium sulfate (AS) treatment and the most soluble fraction from 0.6 M to 0.15 M. After the pH was adjusted to 6.0 with 1 M HCl, the solution was stored at 4℃ overnight. Next, the solution was centrifuged (7,000 × g, 10 min, 4℃) and the precipitate was dialyzed against distilled water. The retentate was recovered as myosin B after centrifugal concentration (28,000 × g, 60 min, 4℃).
Myosin was isolated from the same WWM using the method described by Martone et al. (1986) . WWM dispersed into 10 times the volume of 0.1 M KCl, 20 mM Tris-HCl (pH 7.5) was centrifuged (1,000 × g, 10 min, 4℃), and 5 times the volume of 0.45 M KCl-5 mM ME-0.2 M acetate magnesium-1 mM ethylene glycol tetraacetic acid (EGTA) and 10 mM ATP were added to the precipitate to remove actin. The soluble fraction, which was dissolved in 3 times the volume of 1 mM KHCO 3 , was centrifuged (12,000 × g, 10 min, 4℃) and 5 times the volume of 0.5 M KCl-5 mM ME-20 mM Tris-HCl (pH 7.5) was added to the precipitate. The soluble fraction dissolved in 1 mM KHCO 3 -10 mM MgCl 2 was centrifuged (22,000 × g, 15 min, 4℃) and the precipitate was recovered as myosin after dialysis against distilled water.
G-actin was prepared using a slightly modified version of the method reported by Spudich and Watt (1971) . An acetone powder of pork loin was extracted with 20 times the volume of Buffer G (0.2 mM ATP, 0.5 mM ME, 0.2 mM CaCl 2 and 2 mM Tris-HCl, pH 8.0 at 25℃) at 4℃ for 30 min and filtered through four-ply gauze. The residue was washed with 10 times the volume of Buffer G and filtered again, and the supernatant fluids were combined and cleared by centrifugation at 10,000 × g for 1 h. Potassium chloride (to 50 mM) and MgCl 2 (to 2 mM) were added to the supernatant and the resultant precipitate was matured on ice for 2 h. Potassium chloride was added to a concentration of 0.8 M and the precipitate was recovered by centrifugation at 80,000 × g for 3 h. The precipitate was dialyzed against 400 times the volume of Buffer G with vigorous stirring for 3 days, changing to fresh Buffer G every 24 h. The retentate was centrifuged at 80,000 × g for 3 h and the supernatant was recovered as G-actin.
Succinylation of GPD GPD (0.5 g) was dissolved with 100 mL of distilled water. Succinic anhydrate (SA) was added to GPD at a weight ratio (SA/GPD) of 0.25, 0.5, 1.0, 2.0, and 4.0 at below 15℃, while the pH of the solution was maintained at 8.0 − 9.0 by the addition of 0.1 M NaOH. The reacted solution was lyophilized after dialysis with distilled water. The method for preparation of succinylated GPD (S-GPD) powder was previously verified by measurement of the succinylation rate of GPD using trinitrobenzenesulfonic acid (TNBS) according to McKellar (1981) .
Protein solubility Five percent of GPD or S-GPD (0.5 mL) was dispersed in 9.5 mL of 50 mM imidazole buffer (pH 7.0). After storage at 4℃ overnight, the solution was of SP under 75% AS saturation, determined to be crude glyceraldehyde 3-phosphate dehydrogenase (GPD), increased the gel strength of WWM (Miyaguchi et al., 2007) . GPD purified from meat, increased the gel strength and improved the rheological properties of myofibrils (Miyaguchi et al., 2011) . GPD is known as a basic protein and a glycolytic enzyme. In this study, the mechanism of the gel-enhancing action of GPD to myosin B was evaluated through study of the surface properties of GPD. Briefly, myosin B was prepared from pork loin to investigate the physicochemical properties of the actin-myosin system. Furthermore, GPD was subject to succinylation to elucidate the surface properties of GPD. The effect of succinylated GPD on the gelation of myosin B and the molecular interaction between GPD and myosin B were investigated.
Materials and Methods
Raw materials and chemicals Pork loins were purchased from Meat Companion Co. Ltd. (Ibaraki, Japan) and stored in a deep freezer (−80℃) prior to use. All chemicals used were of biochemical grade.
Preparation of GPD, myosin B, myosin and G-actin GPD was prepared by the method of Miyaguchi et al. (2011) with slight modifications. Briefly, approximately 100 g of minced meat (original pH 6.0) was mixed with four volumes of 25 mM KCl containing 50 mM imidazole buffer (pH 6.5) and homogenized in an Ultra disperser (IKA, Staufen, Germany) at maximum speed (20,000 rpm) for 1 min. The homogenate was centrifuged at 10,000 × g for 30 min at 4℃, and the supernatant containing SP was collected (the resultant WWM pellet was recovered for the preparation of myosin B). Furthermore, crude GPD was prepared as a supernatant of SP treated with AS at 75% saturation. To isolate GPD, the supernatant was treated with 20 mM of sodium ethylenediaminetetraacetate (EDTA) and 10 mM β-mercaptoethanol (ME). After centrifugation (10,000 × g for 30 min), the soluble fraction containing GPD was dialyzed against distilled water and lyophilized with a freeze-dryer (FD-1; EYELA, Tokyo, Japan). Purified GPD powder was stocked in desiccators until used.
Myosin B was prepared from the WWM by the method of Hay et al. (1972) . Briefly, WWM was rinsed with 3 times the volume of 0.3 M sucrose-10 mM KCl-10 mM Tris-HCl buffer (pH 7.6). The homogenate was centrifuged (10,000 × g, 30 min, 4℃) and the precipitate dispersed into 11 times the volume of Weber-Edsall solution (0.6 M KCl-40 mM KHCO 3 -10 mM K 2 CO 3 ) and stored at 4℃ for 24 h. The solution was then stirred with a mixer for 15 min and centrifuged (28,000 × g, 60 min, 4℃). The resulting supernatant was diluted with distilled water to decrease the KCl concentration
Results and Discussion
SDS-PAGE pattern of porcine myosin B Figure 1 shows the SDS-PAGE pattern of porcine myosin B. Myosin B showed two main protein bands, MHC and actin, while myosin light chains, α-and β-tropomyosin and troponin T were slightly shown. Myosin B extracted using a weakly alkaline solution (Weber-Edsall solution) is also called natural actomyosin, while synthesized actomyosin is prepared by the mixing of actin and myosin. The obtained myosin B, which mainly contained MHC and actin, was successfully prepared, as the presence of sarcoplasmic extracts was not detected.
Succinylation rate of amino groups and solubility of S-GPD Succinylation rate and solubility of GPD treated with SA at various concentrations are shown in Fig. 2 . The rate increased with a ratio of SA/GPD up to 1.0, and increased slightly from 1.0 to 4.0. At a ratio of 0.25, 1.0 and 4.0, the rate was 30.0, 53.6 and 63.7%, respectively. The effect of succinylation on GPD solubility is shown in the same figure. The solubility of S-GPD was maintained above 75% at SA/ GPD ratios of 0, 0.25 and 1.0. However, the solubility decreased drastically to about 43% at a ratio of 4.0. Hence, in this study, a SA/GPD ratio of 1.0 was used for the preparation of S-GPD. centrifuged (3,000 × g, 15 min, 4℃). The soluble protein in the supernatant was measured by the Bradford method. Protein solubility was expressed as the percentage of the protein concentration in the buffer against that in 0.1 M NaOH.
Gel preparation and gel strength test The final protein concentration of myosin B was adjusted to 3.5 − 5.0% (w/ v) with 50 mM imidazole buffer (pH 6.5) containing 0.2 M NaCl. GPD or S-GPD was added to myosin B at a final concentration of 1.0% (w/v). After 1 h on ice, the myosin B with GPD or with the S-GPD suspension was placed in a glass tube (25 mm tall × 20 mm ϕ) up to a height of 20 mm and heated at 70℃ for 30 min. The resultant gels were cooled at 4℃ for 3 h. The texture profiles of the myosin B gels were measured with a creep-meter (Rheoner RE-3305; Yamaden Co. Ltd., Tokyo, Japan), using a spherical plunger 8 mm in diameter. The sample in the glass tube on the stainless plate was penetrated by the plunger at 1.0 mm/s. Percent penetration was 60% and the recovery period between strokes was 5 s. The acquired data were analyzed with software (TAS-3305-16; Yamaden Co. Ltd.) and gel strength (hardness) was obtained as a textural parameter.
Determination of molecular interaction Co-sedimentation assay was performed to estimate the association of GPD with myosin B, myosin or G-actin. The total protein concentration of myosin B was adjusted to 2.5% (w/v) with 50 mM imidazole buffer (pH 6.5). GPD or S-GPD (to 1.4%, w/v) and NaCl (to 2.0 M) were added to the myosin B suspension. After 1 h on ice, the suspension was centrifuged at 1,700 × g for 30 min. The supernatant and precipitate were subjected to SDS-PAGE to determine the soluble and insoluble proteins, respectively. Myosin and G-actin were also used instead of myosin B.
Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis SDS-PAGE was carried out with a continuous buffer system according to the method of Laemmli (1970) . The separating gel was composed of 10% acrylamide in Tris/HCl buffer (pH 8.8) and the stacking gel contained 4% acrylamide in Tris-HCl buffer (pH 6.8). The sample solution was dispersed in equilibration buffer (2.3% SDS, 5% ME, 10% glycerol, 0.675 M Tris-HCl buffer, pH 6.8 and a small amount of bromophenol blue). Three microliters of the sample was loaded per well. Electrophoresis was performed at a 30 mA constant current. Each gel was stained with a 0.25% Coomassie Brilliant Blue R solution (ethanol:acetic acid:water, 25:10:65) and destained with a mixture of ethanol, acetic acid and water (50:20:130). The densitometric volumes of GPD, myosin heavy chain (MHC) and actin were measured by Molecular Dynamics ImageQuant (Sunnyvale, CA, USA) as absorbance at OD 550 .
Molecular Interaction between Myosin B and Glycolytic Enzymes B alone), gels formed at a minimum protein concentration of 4.0% (w/v) under low ion strength (0.2 M NaCl). The gel strength of myosin B increased slightly at 4.5% (w/v) compared to 4.0% (w/v). In the presence of GPD, myosin B formed a gel at a minimum protein concentration of 3.5% (w/v). The gel strength notably increased at protein concentrations above 4.5% (w/v). On the other hand, the addition of S-GPD did not improve gel strength, following the same trend as that of myosin B alone. As described above, the gel strength of the GPD-added myosin B increased linearly up to a myosin B concentration of 4.5% (w/v). Among the 4.5% myosin B gels, the gel strength was obviously higher with GPD than with S-GPD. However, gels were not formed with GPD alone at the same added protein concentration (1.0%, w/v). The adhesiveness and gumminess of the myosin B homogenate increased immediately after the addition of GPD, as if salt and PP were added to the homogenate (data not shown). Therefore, the gel strength should increase with increased hydration of myosin B homogenate, suggesting a conformational change in myosin B in the presence of GPD. Moreover, it was shown that succinylation decreased the gel-enhancing action of GPD for myosin B. Generally, succinylation alters the surface properties of proteins by the conversion of lysine residues from positive to negative charges. The result suggests that amino groups with positive charges in GPD play a role in the gelation of myosin B. It is also known that succinylation changes the physicochemical properties of food proteins. For example, succinylation of whey protein concentrates increased the retention of fat and moisture of meat patties, and decreased shrinkage (Thompson et al., 1982) . In this study, it was clarified that succinylation negatively impacted GPD-enhanced gelation of myosin B.
Molecular interaction between GPD and myosin B, myosin or G-actin
To elucidate the association between GPD and myosin B, co-sedimentation assay was carried out. Figure 4 shows the SDS-PAGE patterns of soluble and insoluble fractions of GPD or S-GPD in the presence of myosin B. In the case of GPD alone, GPD was not detected in the insoluble fraction, but was observed in the soluble fraction. However, the band in the insoluble fraction was thicker with myosin B than without myosin B. In the case of S-GPD, the band was not found in the insoluble fraction in the presence of myosin B. SDS-PAGE patterns of MHC and actin, after mixing of myosin B and GPD or S-GPD, are shown in Fig. 5 . In the case of myosin B alone, MHC and actin bands were observed in the insoluble fraction. However, the MHC band became thicker with GPD than without GPD, while the actin band was absent with or without GPD in the soluble fraction, indicating that a portion of MHC was specifically solubilized by the addition of GPD. On the other hand, MHC and actin bands remained Figure 3 shows the effect of GPD and S-GPD on the gel strength of myosin B at varying protein concentrations. In the control (myosin Open circle, myosin B alone; open triangle, myosin B with S-GPD closed circle, myosin B with GPD; S-GPD was obtained from GPD treated with succinic anhydrate at a ratio of 1.0 (w/w). The protein concentration of GPD or S-GPD was 0.5% (w/v) in 50 mmol/L imidazole buffer (pH 6.5) containing 0.2 mol/L NaCl. These gels were prepared by heating at 70℃ for 30 min (n = 3). Gel strength (hardness) was evaluated using one-way analysis of variance. Data bearing the same superscripts are not significantly different (p > 0.05). Open bar, protein solubility (%, w/v); closed circle, succinylation rate; SA, succinic anhydrate; GPD, glyceraldehyde-3-phosphate dehydrogenase. Protein solubility (%, w/v) was expressed as the ratio of the soluble fraction in 50 mM imidazole buffer (pH 7.0) to the 0.1 M NaOHsoluble fraction for GPD. The succinylation rate (%) was expressed as the molar ratio of amino groups of GPD treated with SA to that of intact GPD. Data bearing the same superscripts are not significantly different (p > 0.05). Figure 6 shows SDS-PAGE patterns of the soluble and insoluble fractions of MHC and actin in the myosin-GPD and G-actin-GPD system. In the case of myosin, though MHC was partially shown in the soluble fraction, the majority was observed at the insoluble state with or without GPD. The G-actin band was present in the soluble fraction without GPD. However, the band in the insoluble fraction became obviously thicker with GPD than without GPD.
Gel strength of myosin B at various protein concentrations in the presence of GPD and S-GPD
SDS-PAGE patterns of the soluble and insoluble fractions of GPD in the myosin-GPD and G-actin-GPD systems are shown in Fig. 7 . The GPD band was present in in the insoluble fraction with the addition of S-GPD.
In the case of GPD alone, most of the band was observed in the soluble fraction, since this protein is water-soluble. However, GPD shifted from the soluble to insoluble fraction, where the actin band was detected after the addition of myosin B.
In generally, the physicochemical properties of myosin are observed at the soluble state. Therefore, the molecular behavior of myosin and G-actin in the presence of GPD was investigated to understand the relationships among GPD, myosin and actin.
Molecular Interaction between Myosin B and Glycolytic Enzymes MHC, myosin heavy chain; MB, myosin B alone; S-GPD, GPD treated with succinic anhydrate at a ratio of 1.0 (w/w). The protein concentration of myosin B was 2.5% (w/v) in 50 mmol/L imidazole buffer (pH 6.5) containing 0.2 mol/L NaCl. The protein concentration of GPD or S-GPD was 0.5% (w/v) in the same buffer. Each solution was centrifuged at 1,700 × g for 15 min, and the supernatant (S) and precipitate (P) were subjected to SDS-PAGE. The bands of MHC and actin in the S and P fractions are displayed. +, OD 550 ≥ 0.1 ; −, OD 550 < 0.1. The separating gel was composed of 10% (w/v) acrylamide in Tris-HCl buffer (pH 8.8). MHC, myosin heavy chain. The protein concentrations of myosin and G-actin were 2.5% (w/v) in 50 mmol/L imidazole buffer (pH 6.5) containing 0.2 mol/L NaCl. The protein concentration of GPD was 0.5% (w/v) in the same buffer. Each solution was centrifuged at 1,700 × g for 15 min, and the supernatant (S) and precipitate (P) were subjected to SDS-PAGE. The bands of MHC and actin in the S and P fractions are displayed. +, OD 550 ≥ 0.1 ; −, OD 550 < 0.1. The separating gel was composed of 10% (w/v) acrylamide in Tris-HCl buffer (pH 8.8). MB, myosin B; S-GPD, GPD treated with succinic anhydrate at a ratio of 1.0 (w/w). The protein concentration of myosin B was 2.5% (w/v) in 50 mmol/L imidazole buffer (pH 6.5) containing 0.2 mol/L NaCl. The protein concentration of GPD or S-GPD was 0.5% (w/v) in the same buffer. Each solution was centrifuged at 1,700 × g for 15 min, and the supernatant (S) and precipitate (P) were subjected to SDS-PAGE. The bands of GPD and S-GPD in the S and P fractions are displayed.
+, OD 550 ≥ 0.1 ; − , OD 550 < 0.1. The separating gel was composed of 10% (w/v) acrylamide in Tris-HCl buffer (pH 8.8). The protein concentrations of MHC and G-actin were 2.5% (w/v) in 50 mmol/L imidazole buffer (pH 6.5) containing 0.2 mol/L NaCl. The protein concentration of GPD was 0.5% (w/v) in the same buffer. Each solution was centrifuged at 1,700 × g for 15 min, and the supernatant (S) and precipitate (P) were subjected to SDS-PAGE. The bands of GPD in the S and P fractions are displayed. +, OD 550 ≥ 0.1 ; −, OD 550 < 0.1. The separating gel was composed of 10% (w/v) acrylamide in Tris-HCl buffer (pH 8.8).
in myofibrils (Linke et al., 1997) . Hence, we are currently studying the association of GPD with the actin-myosin system immunohistochemically.
Conclusion
Glyceraldehyde 3-phosphate dehydrogenase (GPD) obtained from pork loin was succinylated. Succinylated GPD (S-GPD) was prepared successfully without loss of solubility at a weight ratio of succinic anhydrate to GPD of 1.0. The addition of GPD increased the gel strength of myosin B at concentrations above 4.5% (w/v), while the addition of S-GPD did not produce improvements. SDS-PAGE revealed that MHC in myosin B was partially solubilized to the soluble fraction by the addition of GPD. On the other hand, S-GPD did not contribute to the solubilization of myosin. GPD was insolubilized under co-existence of G-actin and GPD, suggesting that the positively charged surface area of GPD is necessary to increase the gel strength of myosin B.
the soluble fraction after mixing with myosin. On the other hand, the band was strongly shown in the insoluble fraction after mixing with G-actin. These results indicate that GPD associates with actin. Previous reports also show that some glycolytic enzymes containing GPD bind to actin (Masters, 1981; Westrin and Backman, 1983) . Schmitz and BereiterHahn (2002) reported on the molecular interaction between GPD and actin. In the case of S-GPD, the band did not shift to the insoluble fraction by the addition of myosin B. Our study revealed that succinylation of GPD eliminated its binding properties with myosin B, suggesting that the original surface properties of GPD would be required for the gelenhancing action toward myosin B. Moreover, it is indicated that GPD would associate with G-actin, since GPD and Gactin were insolubilized after mixing of these proteins. That is, positively charged GPD specifically associates with negatively charged actin by electrostatic interaction, and this interaction leads to the weakening of the myosin-actin binding. However, the solubilization of myosin through the molecular interaction of GPD and myosin was not clearly verified by SDS-PAGE analysis in this study.
A number of reports have dealt with the molecular interaction between actin filaments and other SP at the cellular level (Humphreys et al., 1986; Schmitz and Bereiter-Hahn, 2002) . Waingeh et al. (2006) showed that the viscosity of actin increased with GPD under certain conditions. Reports also exist on the functional properties of myofibrillar proteins and SP in the area of food science. Previous reports indicated fish muscle has good gel-forming ability when surimi is made by washing with mildly alkaline water to remove SP, which inhibits gelling (Okada, 1964) . GPD and aldolase in SP interacted with actin and actomyosin from fish muscle, although other SP proteins were detected in the unbound fraction (Nakagawa and Nagayama, 1989) . Our study showed insolubilization of G-actin and GPD occurred after mixing of these proteins. It was previously reported that two positively charged surface areas on GPD containing lysine residues (Lys 24, 69, 110 and 124) and negative charged surface areas on actin are the binding sites, as determined by Brownian dynamics simulation (Ouporov et al., 2001) . Furthermore, it is known that some proteins, including GPD and aldolase, specifically bind to actin (actin-binding proteins), and can be classified into several types, including the monomer-binding type and filament-depolymerization type (Dos Remedios et al., 2003) .
However, we could not elucidate the mechanism of the solubilization of myosin and insolubilization of GPD after mixing of myosin B and GPD at low ion strength. In a previous study, a fluorescence histochemical technique was used for skeletal muscle to evaluate the actin-titin interaction
